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(y}0 Method and system for a robot path. 
«D 

@ A metliod and system for con-ectlng a programmed robot manipulator path to compensate for variability of 
Sthe location of a succession of workpieces Includes the steps of sensing and measuring path offsets between the 
Wideallzed workplece location and the actual location of the workpiece at a plurality of waypoints, converting the 
-^measured offsets Into translations and rotations of the workplece by multiplying a matrix comprised of the offset 

measurements by a previously prepared conversion matrix, connecting the coordinates of waypoints within the 

preprogrammed path by applying the translations and rotations to such coordinates, transforming the connected 
"'preprogrammed path coordinates into machine control coordinates, and providing a controller for the robot 

manipulator with such machine control coordinates. 
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METHOD AND SYSTEM FOR CORRECTING A ROBOT PATH 

This invention relates to a method and system for conrecting the preprogrammed path of a robot 
manipulator to compensate for variability In the positioning of a worl<piece. 

A plethora of different types of robot manipulators is used in the industrial setting for perfomning a 
variety of taslts such as spray painting, spot welding, sealing, parts picking, and other operations. A 

5 common setting Involves the use of a robot manipulator to perform the same operation upon a succession 
of workpieces. This requires that each workplace be received into the workstation of the robot and be 
fixtured in place during the robot's operation upon the workpiece. 

Certain operations performed by Industrial robots, such as spray painting, do not require fine accuracy 
in terms of the positioning of the workpiece vis-a-vis the robot Other types of operations such as sealant 

10 application, however, require that considerable precision be maintained In terms of the path swept by the 
robot in relation to the workpiece. Such precision may be obtained in two basic manners. First, the 
workpiece may be fixtured in place by means of a rigid holding mechanism. Although such mechanisms will 
generally produce acceptable results In terms of the placement of adhesives or other materials upon a 
workpiece, such equipment usually has an undesirable characteristic inasmuch as the time required for 

75 fixturing the workpiece adds appreciably to the total cycle time required for the operation. 

An alternative to rigid fixturing of a workpiece involves placement of the workpiece in the approximate 
position required for the given operation followed by correction of the robot path to compensate for 
deviations from the idealized location of the workpiece. This is generally accomplished in a two-step 
process with the first step involving sensing of the precise location of the woricplece followed by con-ection 

20 of the robot path based upon the results of the sensing step. U.S. Patents 4.017.721; 4.146.924; 4,380.696; 
4.402.053; and 4.575,304 all disclose various details of systems which may be used for the purpose of 
sensing the position of a workpiece. These systems do not include a path con'ection method of the type 
disclosed herein. U.S. Patents 4,432.063 and 4.433,382 disclose robot manipulators and control systems 
providing for movement of a robot manipulator on a piecewise digression from a preprogrammed path, 

25 followed by resumption of the program path. These systems do not include a system for correct a robot 
path in the wholesale fashion taught by this specification. Rnally. U.S. Patents 4.639.878 and 4,707,647 
disclose methods and systems for sensing the placement of a workpiece and for conrecting the path of a 
robot manipulator based upon the location of the workpiece. The systems disclosed in the '873 and W 
patents require the solution of simultaneous equations by numericai techniques in order to obtain location 

30 data defining the position and attitude of the workpiece with respect to a fixed coordinate system. Such a 
method is both costly and time consuming. 

It is an object of the present invention to provide a method and system for con-ecting a preprogrammed 
robot manipulator path to correspond with the various locations of a succession of workpieces without the 
need for solving excessive numbers of equations each time a workpiece is docked Into the manipulator's 

S6 workstation. . , 

It Is an advantage of the present Invention that a method and system according to this invention will 
allow speedy correction of a robot path with economical usage of computer resources. 

It is a further advantage of the present Invention that a system operating according to this invention is 
able to use a small number of measurement points, for example, one or two points, depending upon the 
40 type of operation being performed, the architecture of the wori<plece and the type of workpiece fixturing 
employed. Two points will provide a sufficient amount of data for the sealing or welding of a substantially 
straight seam located on a wori<piece. In contrast, the systems disclosed in the •878 and '647 patents 
always require data from at least three measurement points. 

Other objects, features and advantages of the present invention will become apparent to those reading 
45 this specification. 

According to the present Invention, a method for con-ectlng a programmed path for a robot manipulator 
to compensate for variability In the location of a workpiece comprises the steps of sensing and measuring 
offsets between the idealized location and the actual location of the workpiece at a plurality of points, 
converting such measured offsets Into translations and rotations of the workpiece by multiplying a matrix 
50 comprised of the offset measurement by a previously prepared conversion matrix, conrecting the coordi- 
nates of waypoints within the programmed path by applying such translations and rotations to said 
coordinates and transforming the conrected preprogrammed path coordinates Into machine-controlled 
coordinates. Thereafter, the method further includes providing a controller for the robot manipulator with 
such machine control coordinates. The offsets may be measured at a plurality of waypoints extending along 
a path to be traversed by the robot manipulator. The conversion matrix used in this method is fonmed 
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according to the steps o1 converting machine control coordinates corresponding to a plurality of waypoints 
along an idealized motion path for the robot manipulator into world space coordinates and unit measure- 
ment direction vectors, followed by anrangement of a measurement matrix having rows comprised of the 
components of the unit measurement direction vectors and the components of the vector cross-products of 
5 world space coordinates and the unit measurement vectors and finally, inverting such measurement matrix. 
The measurement matrix may be inverted according to several methods including the decomposition 
method. 

A system for correcting a programmed path for a robot manipulator to compensate for variability in the 
location of a worl<piece according to the present Invention includes means for sensing and measuring path 

10 offsets between the idealized location and the actual location of a workpiece at a plurality of waypoints, and 
means for converting such measured offsets into translations and rotations of the workpiece by multiplying 
a matrix comprised of such offset measurements by a previously prepared conversion matrix. A system 
according to this invention may further include means for correcting the coordinates of waypoints within the 
preprogrammed path by applying such calculated translations and rotations to such waypoint coordinates, 

T5 and means for transforming the corrected preprogrammed path coordinates into machine control coordi- 
nates and for providing a controller for such robot manipulator with such machine control coordinates. The 
means for sensing and measuring the path offsets in a system according to the present invention may 
comprise a single structured light device which projects a plane of light upon the workpiece and determines 
the position of the workpiece* 

20 The invention will now be described further, by way of example, with reference to the accompanying 
drawings, in which : 

Rgure 1 is a schematic representation of a robot manipulator and control system according to the 
present invention. Figure 1 illustrates a world coordinate system and unit measurement vector system which 
may be employed with a path correction scheme according to the present invention. 
25 Figure 2 is a flow diagram pertaining to the formation of a conversion matrix according to the present 

Invention. 

Figure 3 is a flow diagram illustrating a system according to the present invention operating in the 
"run" mode. 

Rgure 1 contains a schematic representation of a robot manipulator 10 Including end effector 12. The 
30 end effector may comprise a sealant application gun, a paint spray gun. a welding device, a drill, or other 
types of tools known to those skilled in the art and suggested by this disclosure. In the present case, robot 
manipulator 10 is shown as causing end effector 12 to traverse workpiece 18 along locus of end effector 
operation 19. Locus 19 could comprise, without limitation, a weld seam, a seam to which sealer is to be 
applied, or a region which is to be machined by end effector 12. 
35 Camera 14 and laser light source 16 are mounted adjacent to end effector 12. Although a laser light 
source is described herein, those skilled in the art will appreciate in view of this disclosure that similar 
structured light devices which project a plane of light upon the workpiece could be employed in practicing 
the present invention. 

Laser light source 16 projects a plane of light which intersects with workpiece 18 along line 23 of Figure 
40 1. Camera 14 works in conjunction with microprocessor 20 to determine the offset of locus 19 by a 
triangulation method, for example. Such methods are known in the art to which this invention pertains and in 
general involve storing an idealized image of the woricpiece, which Is compared with an actual image which 
is created as camera 14 views the workpiece, Including locus 19 at a 45 degree angle from the plane of 
laser light. U.S. Patent 4.188.544, which discloses a method and apparatus for detemnining the offset 
45 location of a wori<piece, is hereby incorporated by reference into this woricpiece, is hereby incorporated by 
reference into this specification. 

Once camera 14 and microprocessor 20 have determined the offset measurements for a minimal 
number of measurements at several locations, "a system according to the present invention will then be able 
to correct the preprogrammed robot path. This is perfonned as follows. Rrst. as shown In Figure 3, after the 
so path offsets have been measured at block 32. the program within microprocessor 20 moves to block 34 
wherein an offset array is formed. The offset array has the following form: 
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Here, two measurements, Ay and Az, have been taken at each of three measurement points. These two 
measurements. Ay and Az. are the offsets-of the point where a seam or edge contained in a workpiece 
intersects the light plane along the y and z axes, respectively, of the camera coordinate system. The y and 
z axes are perpendicular to the seam and the x axis Is parallel to the seam. It should be emphasized that 
this methodology uses the offsets of the point where a seam intersects the light plane instead of a fixed 
point on the seam. As a result, the offset x of a fixed point, which cannot be measured, is not needed. A 
method and system according to the present invention may be employed with as few as a single 
measurement point, or as many as twenty or more points. Although a few points may be adequate for 
simple stnjctures such as linear seams, more complex structures such as an automobile door may require 
5 or 8 points. Those skilled In the art will appreciate In view of this disclosure that the use of additional 
points may require additional travel of the camera to added locations, which will, of course, increase the 
cycle time of the operation being performed by the robot. 

Those skilled In the art will appreciate in view of this disclosure that a method according to the present 
invention could be practiced either with the disclosed single camera and stnjctured light source or with 
multiple stationary cameras in conjunction with either structured or unstmctured light. It will further be 
appreciated that offsets could be measured at any point on a workpiece comprising a rigid body. 

Following formation of the offset anray the computer moves to block 36. There the offset array is 
multiplied by a previously prepared conversion matrix "M" to yield a six component vector. The vector has 
the following form: 
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Where px. py. and p, and x. y andj represent the three-dimensional offsets and rotations of the. workpiece 
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from its Idealized location. 

Having performed the matrix multiplication, the program within microprocessor 20 moves to block 38. 
wherein correction matrix T Is formed according to the following arrangement: 




Having formed correction matrix T. the computer moves to block 40. wherein the coordinates of the 
idealized robot manipulator path, as set forth in a world coordinate system, are corrected by multiplying 
each of the preprogrammed coordinates by matrix T. The corrected world path coordinates are transformed 
at block 42 to machine control coordinates using any one of several known methods for performing this 
operation. One such method is described in "Kinematics of Major Robot Unkage". which was authored by 
the present inventors and which was published in the Proceedings of the 13th. International Symposium on 
Industrial Robots. 1983, Volume 2. This article is hereby incorporated by reference herein. Finally, at block 
44 the corrected machine control coordinates are sent to servo controller 22 via microprocessor 20 so that 
the robot's end effector 12 may be guided precisely along locus 19 in wori<plece 18. The steps contained 
within blocks 40-44 are repeated for each of the waypoints along the path the robot manipulator is 
programmed to traverse. With each new workpiece, the entire sequence is repeated, beginning with block 
32. 

Preparation of conversion matrix "M" is performed during a teaching phase of robot programming. 
Because the conversion matrix is formed only once, a system and method according to the present 
invention provides an economical use of computing resources insofar as the correction of the machine 
control coordinates to compensate for successive alignments of wori<pleces requires fewer calculations than 
conventional systems employing such methods as least squares or other types of solutions requiring the 
solving of large numbers of simultaneous equations representing differences between a preprogrammed 
robot path and the path necessitated by the actual orientation of a workpiece. 

The first step In the formation of conversion matrix "M" Is shown at block 24, Rgure 2, wherein 
machine control coordinates of the expected path of end effector 12 are converted Into world space 
coordinates and unit direction vectors for a series of waypoints prescribing the anticipated path of end 
effector 12. The world space coordinates have the form Xn>* = (Xm\ ym'. Zm*)- The unit measurement 
direction vectors have the form u^ « (Uxm. Uym. Uzm). For n measurement points, m = 1 , 2. ...2n. Figure 1 
shows the architecture of the world space coordinate and unit measurement direction vector systems used 
with a system and method according to this Invention. At block 26. measurement matrix H is formed with 
the components of the unit measurement direction vectors and the components of the vector cross products 
of the world space coordinates and the unit measurement direction vectors. Each row of the measurement 
matrix is formed as follows: 
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[hmJ* [UKm. Uym. Uan. Uxmym"-UymZin*. U^mZm'-UanXm'. UyrnXm^-UxmYml' . , *u 

Note that there are 2n rows In the measurement matrix. For example, for two measurement points there 
are four rows In the measurement matrix. 

Rnally, at block 28 measurement matrix H Is inverted to form conversion matrix M. This inversion may 
be done according to a variety of methods l<nown to those skilled in the art and suggested by this 
disclosure. However, the decomposition method which is known to those skilled In the arts to which this 
invention pertains has proven to be useful for performing this operation. 



70 Claims 

1. A method for correcting a programmed path for a robot manipulator to compensate for variability in 
the location of a workpiece, comprising the steps of. sensing and measuring offsets between the idealized 
location and the actual location of said workpiece at a plurality of points, converting said measured offsets 
into translations and rotations of the workpiece by multiplying a matrix comprised of said offset measure- 
ments by a previously prepared conversion matrix, correcting the coordinates of waypoints within said 
preprogrammed path by applying said translations and rotations to said coordinates, transforming said 
corrected preprogrammed path coordinates into machine control coordinates, and providing a controller for 
said robot manipulator with said machine control coordinates, wherein said conversion matrix is formed 
according to the steps of. converting said machine control coordinates corresponding to a plurality of 
waypoints along an idealized motion path into world space coordinates and unit measurement direction 
vectors, arranging a measurement matrix having rows comprised of the components of said unit measure- 
ment direction vectors and the components of the vector cross-products of said world space coordinates 
and said unit measurement vectors, and inverting said measurement matrix. 

2. A method for correcting a programmed path for a robot manipulator according to Claim 1 wherein 
said measurement matrix Is formed so that each row has the following format: 

[hmj]= [Unm. Uym. Uam. U2mym'•UymZm^ UxmZm"•U^mXm^ UymXm*-Uxmym ^ 

Where: Uxm. Uyn, and Ua„ comprise the component parts of said unit measurement direction vectors and x„, . 
y^* and Zm* comprise said worid space coordinates. 

3. A method for correcting a programmed path for a robot manipulator according to Claim 2 wherein 
said measurement matrix is Inverted according to the decomposition method. 

4 A method for correcting a programmed path for a robot manipulator according to Claim i wherein 
said offsets are measured at a plurality of waypoints extending along a path which Is to be followed by said 

robot manipulator. ^ ^ • u-r* : 

5. A system for correcting a programmed path for a robot manipulator to compensate for variability In 
the location of a workpiece. comprising, means for sensing and measuring path offsets between the 
idealized location and the actual location of said workpiece at a plurality of waypoints, means for converting 
said measured offsets into translations and rotations of the workpiece by multiplying a matrix comprised of 
said offset measurements by a previously prepared conversion matrix, means for correcting the cbonjinates 
of waypoints within said preprogrammed path by applying said translations and rotations to said coordi- 
nates, means for transforming said corrected preprogrammed path coordinates into machine control 
coordinates, and means for providing a controller for said robot manipulator with said machine control 

coordinates. *u 

6. A system according to Claim 5. wherein said means for sensing and measuring path offsets 
comprises a single structured light device which projects a plane of light upon said workpiece and a single 
camera which determines the position of said workpiece. 

7 A system according to Claim 5 wherein said means for sensing and measuring path offsets 
comprises at least one unstructured light device which projects light upon said wori<plece and a plurality of 
cameras which detemrtine the position of said workpiece. 



75 



25 



so 



35 



40 



45 



50 



55 



7 




CONVERT MACHINE 
CONTROL COORDINATES 
INTO WORLD SPACE 
COORDINATES AND 
UNIT VECTORS 



ARRAN( 
MEASU] 
MATRi: 


3E 

REMENT 
X H 






INVERT 
MEASUREMENT 
MATRIX TO FORM 
CONVERSION 
MATRIX M 



FIG.2 



EP 0 361 663 A2 



SENSE AND 
MEASURE 
WORKPIECE 
OFFSETS 



40- 



FORM 

OFFSET 

ARRAY 



34 

y 



36 
J. 



MULTIPLY 
OFFSET ARRAY 
BY CONVERSION 
MATRIX M 



3S 



FORM 

CORRECTION 
MATRIX T 



CORRECT PATH 
COORDINATES 
BY MULTIPLYING 
PREPROGRAMMED 
COORDINATES BY 
MATRIX T 



4^ 



L 



TRANSFORM 

CORRECTED 

PATH COORDINATES 

INTO MACHINE 

CONTROL 

COORDINATES 



44 



OUTPUT 
MACHINE 
COORDINATES 
TO .ROBOT 
CONTROLLER 




END 



FIG.3 



® 



Europalsches Patentamt 
European Patent Office 
Office europien des brevets 



0 Publication numt>er: 



0 361 663 

A3 



® 



EUROPEAN PATENT APPLICATION 



® Application number: 89308286.7 
® Date of filing: 15.0&89 



® intCI.' GOSB 19/403, B25J 9/18 



® Priority: 26.09.88 US 249020 

@ Date of publication of application: 
04.04.90 Bulletin 90/14 

@ Designated Contracting States: 
DE FRQBSE 

@ Date of defended publication of the search report: 
06.06.90 Bulletin 90/23 



© Applicant FORD MOTOR COMPANY UMITED 
Eagle Way 

Brentwood Essex CM13 3BW(QB) 
0 GB 

Applicant: FORD-WERKE 
AKTIENGESELLSCHAFT 
Werk Koln-Nlehl Henry-Ford*Strasse 
Postfach 60 40 02 
D-5000 K5ln 60(DE) 
® DE 



Applicant: FORD FRANCE S. A. 
B.P. 307 

F-92506 Ruell-Maimalson C6dex(FR) 
@ FR 

Applicant: FORD MOTOR COMPANY 
County of Wayne 
Dearborn, Ml 48120(US) 
® SE 

® Inventor: Mllenkovic, Veliko 
1222 Highway 42 

Sturgeon Bay Wisconsin 64235(US) 

Inventor: Huang, Bernard 

3326 Yellowstone Drive 

Ann Arbor Michigan 48016(US) 



0 Representative: Messulam, Alec Moses et ai 
A. Messulam & Co. 24 Broadway 
Leigh on Sea Essex SS9 IBN(GB) 



@ Method and system for a robot path. 



@ A method and system for correcting a pro- 
grammed robot manipulator path to compensate for 
variability of the location of a succession of work- 
pieces includes the steps of sensing and measuring 
path offsets between the Idealized workplece loca- 
Wtion and the actual location of the workplece at a 
^plurality of waypoints, converting the measured off- 
(tf)sets into translations and rotations of the workpiece 
(Oby multiplying a matrix comprised of the offset mea- 
^surements by a previously prepared conversion ma- 
f-trix, correcting the coordinates of waypoints within 
to the preprogrammed path by applying the transla- 
'^'tions and rotations to such coordinates, transforming 
Othe corrected preprogrammed path coordinates into 
£^ machine control coordinates, and providing a con- 
Qjtroller for the robot manipulator with such machine 
control coordinates. 
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